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ABSTRACT The purpose of this study was to inves- 
tigate the role of the homeostatic antiinflammatory axis 
centered on annexin 1 (AnxAl) in cerebral microvascu- 
lar dysfunction and tissue injury associated with middle 
cerebral artery (MCA) occlusion and reperfusion. In- 
travital fluorescence microscopy was used to visualize 
the mouse cerebral microcirculation: AnxAl null mice 
exhibited more white blood cell adhesion in cerebral 
venules than their wild-type counterparts, and this was 
accompanied by a larger cerebral infarct vol and worse 
neurological score. All parameters were rescued by 
delivery of human recombinant AnxAl. To further 
explore these findings using pharmacological tools, the 
effect of a short AnxAl peptidomimetic was tested. 
When given during the reperfusion phase, peptide 
Ac2-26 produced similar cerebroprotection, which was 
associated with a marked attenuation of cell adhesion 
and markers of inflammation as measured in tissue 
homogenates. The pharmacological effects of peptide 
Ac2— 26 occurred via receptors of the formyl-peptide 
receptor (FPR) family, most likely FPR-rs2, as deduced 
by displacement assays with transfected cells and in vivo 
experiments with transgenic mice and receptor antago- 
nists. Our findings indicate that the endogenous antiin- 
flammatory circuit centered on AnxAl produces signif- 
icant cerebral protection, and that these properties 
might have therapeutic potential for stroke treat- 
ment. — Gavins, F. N. E., Dalli, J., Flower, R. J., 
Granger, D. N., Perretti, M. Activation of the annexin 1 
counter-regulatory circuit affords protection in the mouse 
brain microcirculation FASEB J. 21, 1751-1758 (2007) 
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The role of inflammatory mechanisms in patholo- 
gies previously believed to be independent from the 
host response has recently been appreciated, and it is 
now clear that inflammation contributes to the patho- 
genesis of many cardiovascular diseases, including 
stroke. Stroke consists of an irreversible neurological 
deficit that may be produced by inadequate perfusion 
of the brain or brain stem (1); in large part it is 
ischemic in origin, with a smaller incidence (~15%) of 
hemorrhagic stroke. Therapeutic intervention is based 
on restoring blood flow either by supplying volumes 
(hemorrhagic stroke) or by dissolving the thrombus 
with tissue plasminogen activator (tPA): thus, in treat- 
ment of stroke a phase of reperfusion may occur. 



Both focal and global ischemia are associated with 
inflammation and characterized by rapid vascular re- 
sponses that are contributory to changes in brain paren- 
chyma that lead to neuronal death. However, whether 
inflammation postcerebral ischemia is a positive or nega- 
tive outcome remains inconclusive. Although animal 
models of stroke have permitted biochemical and physi- 
ological measurement of ischemic brain, the relevance to 
human cerebrovascular disease is controversial and thus 
could be behind the failure of antiinflammatory ther- 
apy trials for stroke, e.g., the humanized anti-CD54 
monoclonal antibody (mAb) (2). When blood flow is 
restored after an ischemic episode, several cascades of 
events are initiated, producing activation of blood- 
borne cells and of resident cells (3, 4). In the case of 
stroke, generation of cytokines and lipid mediators, 
with the ensuing acc umulation of leukocytes (5) as well 
as the activation of resident glial cells (6) occurs; 
altogether, inflammatory processes contribute to the 
tissue damage associated with reperfusion injury (4, 7). 

We and others have recently shed some light on 
biochemical pathways centered on endogenous inhibi- 
tors endowed with counter-regulalorv and protective 
functions. They have mostly been studied in the con- 
text of acute inflammation and comprise antiinflamma- 
tory pathways that operate in parallel, and sometimes in 
a time-delayed fashion, to the more widely studied 
proinflammatory mediators, to ensure rapid resolution 
of the host response with return to tissue homeostasis 
(8, 9). Our focus has been the glucocorticoid-regulated 
protein annexin 1 (AnxAl; 346 aa long; 37 kDa pro- 
tein), a potent inhibitor of leukocyte trafficking in 
acute and chronic inflammation (10, 11), with a par- 
ticular efficacy on leukocyte/endothelium interactions 
promoted by ischemia-rep erfusion (I/R) procedures 
(12, 13). Myeloid cells are rich in AnxAl, and on cell 
activation this 37-kDa protein translocates on the exter- 
nal leaflet of the membrane where it interacts with a 
specific G-protein coupled receptor, termed formyl- 
peptide receptor like 1 (FPRL-1) (14). This system has 
been better dissected for the polymorphonuclear leuko- 
cyte and a model for an autocrine /paracrine circuit by 
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which AnxAl and its receptor control leukocyte activation 
and adhesion has been elaborated (10). However, it is 
likely to be applicable to other cell systems, including 
macrophages (15) and specialized epithelial cells (U)). 

Considering a) indications that a 188-aa long AnxAl 
fragment was protective in a rat model of cerebral 
ischemia (17); b) AnxAl and its peptidomimetics exert 
protective actions on brain injury also when produced 
by toxic activation (18); and, as discussed above, 
c) AnxAl and peptides can inhibit leukocyte-endothe- 
lial cell adhesion, I he object of this study was to fully test 
the potential involvement of the counter-regulatory 
AnxAl system in a model of focal ischemic stroke. 

MATERIALS AND METHODS 
Animals 

Male wild-type (AnxAl +/ + ) littermate control and AnxAl 
null mice (AnxAl - /_ ) (19) or FPR null mice (backcrossed 
with C57BL/6 for 6 generations (20) and C57BL/6 mice 
(WT; purchased from B&K Universal Ltd, Hull, UK) (body wt 
~30 g in all cases) were used. Mice were maintained on a 
standard chow pellet diet with tap water ad libitum using a 1 2 h 
light/ dark cycle, in which the temperature was maintained at 
21-23°C. Animal work was performed according to Home 
Office regulations (Guidance on the Operation of Animals, 
Scientific Procedures Act, 1986) . 

In vivo protocols 

Middle cerebral artery occlusion and reperfusion 

A middle cerebral artery (MCA) ischemia reperfusion proto- 
col was performed as recently reported (5, 21). Briefly, mice 
were anesthetized and maintained on artificial ventilation. 
Femoral artery and vein were cannulated to monitor mean 
arterial blood pressure (MABP), sample arterial blood for 
blood gas analysis, and for intravenously (i.v.) administration 
of the rhodamine 6G (0.02% in 200 ul) and Texas red (2.5 
mg/ml). The middle cerebral artery (MCA) was occluded 
using the intraluminal filament method (6 nylon), as de- 
scribed previously in detail (5, 21), using a 1 h occlusion 
period followed by a period of either 4 h or 24 h of 
reperfusion. Sham-operated mice were subject to anesthesia 
and other surgical procedures without MCA occlusion and 
analyzed 5 h or 25 h after the start of surgery. 

The head of each mouse was then fixed in a plastic frame 
in a sphinx position. The left parietal bone was exposed by a 
midline skin incision, followed by a craniectomy (diameter: 
2.5 mm) with a drill at 1 mm posterior from the bregma and 
4 mm lateral from the midline. The dura mater was not cut 
because the fluorescent-labeled leukocytes were readily visu- 
alized. A 12-mm glass coverslip was placed over the craniec- 
tomy and the space between the glass and dura mater was 
filled with artificial cerebrospinal fluid (5, 21). 

A Zeiss Axioskop "fibrous sheath" microscope with a mer- 
cury lamp was used to observe the pia venules in the cerebral 
cortex. A Hitachi charge-coupled device color camera (model 
KPC571; Tokyo, Japan) acquired images that were recorded 
onto video. One to five randomly selected venular segments, 
30-70 |xm in diameter and 100 |xm long, were observed for 
each mouse after treatment. White blood cell rolling and 
leukocyte adhesion (a cell that had remained adherent for 
30 s or longer) were assessed in 3-5 venules. These parame- 
ters were expressed as the number of cells per square 
millimeter of the venular surface and calculated from diam- 



eter and length, assuming cylindrical shape. Estimates of 
shear rate or pseudo-shear rate in cerebral venules were 
obtained by fluorescence microscopy based on image analysis 
determinations of the maximal velocity of fluorescently la- 
beled red blood cells. Such estimates of shear or pseudo-shear 
rate in venules are obtained using measurements of venular 
diamclcj (Dv) and the maximal velocity oJ tlowing red blood 
cells (V cell ) according to the formulation: shear or pseudo- 
shear rate = (V cell /L6)/Dv X 8 (21). 

Infarct vol 

After a 24 h reperfusion period, mice were killed and brains 
were immediately removed, placed into 4°C PBS for 15 min; 
2-mm coronal sections wcic du n nil with a tissue cutter. The 
brain sections were stained with 2'V 2,3,5-triphenvltetrazolium 
chloride in phosphate buffer at 37°C for 15 min and fixed by 
immersion in 10% formaldehyde. The stained sections were 
photographed and the digitized images of each brain section 
(and the infarcted area) were quantified using a computer- 
ized image analysis program (MH 1.57 Image Software). 

Neurological score 

The functional consequences of cerebral I/R injury were 
evaluated by using a five-point neurological deficit score [0, 
no deficit; 1, failure to extend right paw; 2, circling to the 
right; 3, falling to the right; and 4, unable to walk spontaneously 
(5, 21)] and were assessed in a blinded fashion. A maximal 
score of 4 could be assigned to each experimental animal. 

Receptor agonists and drug treatment 

Human recombinant AnxAl and its peptide Ac2-26 (Ac- 
AMVSEFLKQAWFIENEEQEWQTVK) were obtained as re- 
ported (22), and doses selected from previous studies (12, 
23). The same applied to the antagonist Boc2 (N-tbutyl- 
oxycarbonyl-Phe-DLeu-Phe-DLeu-Phe; fCN Pharmaceuticals, 
Basingstoke, UK). Animals were injected with saline (100 \x\), 
human recombinant AnxAl (1 |xg per mouse), tPA (Alte- 
plase; Genentech Inc., San Francisco, CA, USA: 10 mg/kg, 2 
mg/ml in saline), peptide Ac2-26 alone (100 p,g per mouse, 
-33 nmol), Boc2 (10 ug, -12 nmol) alone, or Boc2 and 
peptide Ac2-26 at various times in the reperfusion phase. 

In vitro protocols 

Biorhemicnl determinations 

Tissue levels of mouse keratinocyte chemoattractant (KC or 
CXCL1), interleukin-1 13, and monocyte chemoattractant pro- 
tein-1 (MCP-1 or CCL2) were measured using standard 
enzyme linked immuno-absorbant assays (Quantikine™ im- 
munoassay kits; R&D Systems, Abingdon, UK) . 

Selected brain samples were homogenized in a phosphate 
buffer containing 0.5% bexadecvl trimethvlammonium bro- 
mide (HTAB) detergent, and the degree of PMN accumulation 
was measured by comparing myeloperoxidase (MPO) activity in 
tissue extracts as described (13), using human MPO (Sigma) as 
standard. Data are reported as U per mg of wet tissue. 

To quantify specific mRNA levels, total brain RNA was 
isolated using spin column according to manufacturer's in- 
structions (RNeasy kit, QJagen, Crawley, UK). Contaminating 
DNA was removed on the column prior to elution of RNA, 
using DNase treatment as per manufacturer's instructions 
(Qiagen). RNA was reverse-transcribed with 2 |J.g oligo(dT)15 
primer (Promega, Southampton, UK), 10 U avian myeloblas- 
tosis virus (AMV) reverse transcriptase, 40 U ribonuclease 
inhibitor (Promega), and 1.25 mM each deoxyribonucleoside 
triphosphate (dNTP) for 20 min at 42°C. The resultant cDNA 
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was used for real-time polymerase chain reaction (PCR) . An 
equal amount of first-strand cDNA was amplified by PCR 
using platinum Ta^DNA polymerase (Invitrogen) . The for- 
ward and reverse primers for mouse fprl, fpr-rsl, fpr-rs2 (24) 
and shown in Supplemental Table IS. Primers for glyceralde- 
hyde-3-phosphate dehydrogenase (GAPDH) were used as 
controls. The PCR conditions were 94°C for 5 min followed 
by 40 cycles of 94°C for 30 s, 61 °C for 30 s, and 72°C for 30 s 
with a final extension of 72°C for 7 min. Finally, brain AnxAl 
protein expression in samples from sham operated mice or 
from mice subjected to MCA occlusion and 24 h reperfusion 
was determined by Western blotting as reported (13). 

Statistical analysis 

All values are expressed as mean ± se of mean, with n of animals 
per group where stated. .Statistical analysis for the intravital 
microscopy studies was assessed either by Student's / test (2 
groups) or by one-wav AN OVA followed bv Bonferroni post hoc 
test (more than 2 groups). Differences among groups in in vitro 
experiments were determined by the Mann-Whitney test. In all 
cases, a probability value of P < 0.05 was considered significant. 



RESULTS 

Protection afforded by endogenous AnxAl 

Analyses in brain samples after MCA I/R revealed 
significant changes for AnxAl mRNA (data not shown) 
and protein (Fig. 1A) . These changes were functional 
since deletion of anxAl provoked significant accelera- 
tion of the macroscopic response in mice subjected to 
IR (Fig. IB): the higher susceptibility of AnxAl null vs. 
AnxAl +/+ mice was evident as early as 6 h postreper- 
fusion, being more marked at the 18 h time point (Fig. 
1C). This phenomenon was reflected in differences in 
mortality between AnxAl +/+ and AnxAl null mice: the 
latter group had an incidence of death 24 h postreper- 
fusion of 6 out of 10 mice against a 15% (1 out of 7 
mice) value for AnxAl +/+ mice (P<0.05). 

These experiments suggested a protective role of en- 
dogenous AnxAl in this experimental model, justifying 
further detailed analyses. Intravital microscopy of pia 
mater vessels using epifluorescence revealed time-depen- 
dent induction of leukocyte/endothelium interactions 
with significant cell rolling and adhesion in AnxAl +/+ 
stroke mice above sham animals at both 1 and 24 h (w=6; 
P<0.05) postreperfusion (Fig. 2A). AnxAl null mice 
displayed augmet tied cell adhesion thai reached statistical 
difference from AnxAl +/+ mice at the 24 h time point, 
with an early (4 h) drop in the degree of cell rolling. No 
differences in cell rolling or adhesion were observed 
in sham animals (Fig. 2A). No differences among the 
mouse genotype were detected with respect to the 
hemodynamic parameters (Supplemental Table 2S). 

The brain inflammatory response was monitored by 
measuring pivotal cytokines in the injured tissue (Fig. 
2B); this revealed markedly elevated levels post-I/R 
compared to sham mice. Absence of anxAl produced 
again very specific effects, with an exacerbation of the 
MCP-1 response both at 4 and 24 h, prolongation of KC 
levels (significantly above those of AnxAl +/+ mice only 
at 24 h post-I/R) and no effect on IL-1 (3 (Fig. 2B) . 

ANNEX1N 1 PROTECTS IN EXPERIMENTAL STROKE 
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Figure 1. Endogenous AnxAl and stroke. AnxAl +/+ and 
AnxAl mice were subjected to 4 or 24 h reperfusion after 
1 h MCA occlusion. A) Western blotting analysis of AnxAl +/+ 
brains showing mouse AnxAl (37 kDa) or a-tubulin (55 kDa) 
protein expression in 2 (sham) or 4 (21 h post-MCA I/R) 
distinct brains. B) Kinetics of neurological damage (6 mice 
per group; *P<0.05). 

Of importance, the large majority of alterations in 
markers of inflammation and tissue injury displayed by 
the AnxAl null mouse were rescued by exogenous 
administration of AnxAl . Figure 3 shows a selection of 
these data as measured 24 h postreperfusion, and 
similar observations were also made at the 4 h time 
point (data not shown): for instance, given at the dose 
of 1 pg per mouse (equivalent to 27 pmol), treatment 
with AnxAl restored the phenotype of the AnxAl null 
back to the AnxAl mouse phenotype. Finally, we 
measured MFC) activity in brain homogenates as marker 
of neutrophil infiltration. Figure 3e shows data for MPO 
values, with a marked increase after IR, and an exacerba- 
tion in the AnxAl null mice (U/mg of tissue): 4.3 ± 0.6 
vs. 6.0 ± 0.5; n=6P< 0.05. Thus this set of experiments 
revealed tissue-protective effects for exogenous AnxAl, in 
eithei genotype, highlighting ihe pharmacological poten- 
tial for this antiinflammatory mediator. Based on these 
results, in the second part of the study the effects of the 
short AnxAl derivative, peptide Ac2-26, were tested. 
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Figure 2. Changes in leukocyte recr 
mice. AnxAl +/+ and AnxAl mic< 
24 h reperfusion after 1 h MCA occlus 
also used. A) Cell rolling and adhesion. B) Brain KC, fL-l(i 
and MCP-1 levels. Data are mean ± sem of 6 mice per group. 
*P < 0.05 vs. respective AnxAl +/+ value. 



all markers of brain damage, these being neurological score, 
infarct vol, and cell adhesion on pia mater vessels (Fig. 15). 

To support these pharmacological data, we tested the 
expression of potential receptors responsible for the 
effects of peptide Ac2-26. Real-time PCR of brain tissue 
extracts revealed presence of mouse FPR and FPR-rs2, 
but not FPR-rsl; importantly, MCA I/R augmented 
FPR-rs2 message (Fig. 5A) . We then tested whether the 
peptide could bind to this receptor, with stably trans- 
fected 293-HEK cells using a well-defined binding pro- 
tocol with radiolabeled peptide Ac2-26 as tracer (14, 
25). Cold peptide Ac2-26 efficiently displaced the 
tracer from FPR with an approximate EC 50 of 1 uM, as 
shown in Fig. 5B. The same was true when FPRrs2-HEK 
cells were used (Fig. 55). Of interest, Boc2 could 
displace tracer binding from either receptor: tested at 1 
pM, Boc2 displaced tracer binding to FPR-HEK and 
FPR-rs2 cells by 60 ± 2% and 73 ± 2%, respectively 
(mean±SEM of three experiments; P<0.05 vs. vehicle). 

To dissect the FPR and/or FPRrs2 involvement in the 
cerebro-protective properties of peptide Ac2-26, exper- 
iments were conducted in mice null for FPR. Figure 6 
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Effects of peptide Ac2-26 

Treatment of mice with 100 pg peptide Ac2-26 signif- 
icantly reduced the effects of stroke (e.g., 4 h leukocyte 
adhesion; Fig. 4A). To fully exploit the potential of this 
AnxAl derivative for antistroke therapy, the kinetics of 
peptide Ac2-26 effectiveness was determined at the 
24 h time point, where effects on neurological score 
and infarct vol could be assessed. When administered at 
time 0 or 6 h postreperfusion, with analyses performed 
at the 24 h time point, peptide Ac2-26 produced 
significant yet modest inhibition of leukocyte adhesion 
to vascular endothelium (Fig. 4B) and neurological 
score (Fig. 4C). The most significant inhibitory effects 
were obtained when peptide Ac2-26 was given at least 
twice, i.e., at time 0 and 6 h (e.g., cell adhesion down to 
27±3 cells/mm 2 n=6; P<0.05), or time 0 and 18 h 
(e.g., cell adhesion down to 60±11 cells/mm 2 n=6; 
P<0.05), after MCA occlusion and reperfusion (Fig. 4). 
These protective actions extended also to a reduction 
in the 24 h infarct vol (Fig. 4D). 

The efficacy and reproducibility of the effects of both 
whole protein AnxAl and peptide Ac2— 26 led us to 
address, in the final part of the study, the clinical impli- 
cation of AnxAl therapy. Data in Supplemental Fig. IS 
show a parallel between the efficacy of AnxAl and diat of 
tPA. When administered i.v. over the first 20 min of 
reperfusion and quantified after 24 h, tPA could attenuate 
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Figure 4. Efficacy of peptide Ac2-26. AnxAl +/ + and AnxAl mice were 
subjected to 4 or 24 h reperfusion after 1 h MCA occlusion. A) Dose-response 
of peptide Ac2-26 administration to AnxAl +/+ mice. B, C) Vehicle or peptide 
Ac2-26 (100 |xg) were given at the reported times postreperfusion, and cell 
adhesion in pia mater vessels or neurological score were determined. D) 
Attenuation of infarct vol (peptide Ac2-26 given three times) . Representative 
brain slices showing ipsilateral infarct vol (asterisks) are also shown. Data are 
mean ± sem of 6 mice per group. *P < 0.05 vs. respective sham value. 
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illustrates that the peptide retained its inhibitory ac- 
tions on the vasculature, producing significant inhibi- 
tion on cell rolling and cell adhesion (Fig. 6A, B). The 
same outcome was obtained when the effect of peptide 
Ac2-26 on infarct vol was determined (Fig. 6C). 

Of interest, the pan-antagonist to this family of 
receptors, Boc2 blocked the actions of the peptide on 
all parameters under analysis (Fig. 6). 



DISCUSSION 

In this study we reveal a crucial protective role for the 
endogenous antiinflammatory and homeostatic mediator 
AnxAl in the outcome of focal ischemic stroke, such that 
we could propose it as a major arm of the innate protec- 
tive response rapidly activated in stroke (2) . This conclu- 
sion is substantiated by the exacerbation of the neurolog- 
ical deficit associated with this model in AnxAl null mice, 
coupled to augmented vascular responses and inflam- 
matory mediator generation in the brain, as well as the 
protection afforded by the full-length protein and the 
pharmacophore bioactive peptide. 

Currently, there are not many effective treatment 
choices for patients affected by ischemic stroke. This 
pathology affects ~10% of the population, with twice 
the incidence in the elderly, and the only treatment 
available is based on the administration of tPA: this 
agent dissolves the thrombus thereby favoring blood 
reperfusion and vessel patency. A smaller percentage 



( — 15%) of stroke cases are hemorrhagic in their etiol- 
ogy, yet clinical management entails vol restoration and 
reperfusion. Research in the past decade or so have 
highlighted the presence of inflammatory processes in 
stroke (7). Whereas ibis fact is now acknowledged, the 
contribution that blood-borne cells, relative to resident 
cells (microglia, astrocytes, and neurons), to the patho- 
genesis of ischemic stroke has yet to be dissected or 
accepted. This multicellular contribution to stroke may 
explain the failure of single-target directed strategies, 
such as antiadhesion molecule therapy where targeting 
blood-borne cells may leave unaffected the inflamma- 
tory component due to resident brain cells. 

AnxAl _/_ blood cells display altered profiles of 
activation and are often refractory to regaining a ho- 
meostatic proresolving phenotype. For instance, mac- 
rophages deficient in the protein are delayed in their 
activating response to lipopolysaccharide (LPS) but are 
also unable to subside it (26), a phenomenon partly 
due to defective receptor recycling and signaling. Sim- 
ilarly, AnxAl ~ neutrophils are more reactive to in 
vitro stimulation than to in vivo activation bv inflamma- 
tory signals in the cremaster microvasculature (2*7). 
Thus, marked prolongation of the leukocyte adhesion 
process was also observed in the brain microcirculation, 
preceded by a significant delay in promoting cell 
rolling (reminiscent of the altered profile of inflamma- 
tion and activation discussed above). 

A major outcome of this study is the potential for 
AnxAl and its mimetics to attenuate the microvascular 
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Figure 5. Peptide Ac2-26 binds to FPR-rs2. A) Real-time PCR 
analysis for mouse formyl-peptide receptors mRNA expres- 
sion in left AnxAl +/+ brains. B) Displacement curves for cold 
peptide Ac2-26 on 50 nM [ 12S I-Tyr]-Ac2-26 used as tracer in 
transfected FPR-rs2-HEK-293 cells. Data are presented as 
mean ± sem of 3 independent experiments. *P < 0.05 vs. 
respective sham value. 



dysfunction and tissue injury associated with ischemic 
stroke. Administration of small doses of the protein 
rescued the phenotype of the AnxAl ~ mouse and a 
significant degree of cerebro-protection was also ob- 
tained by dosing the animals with peptide Ac2-26. In 
the mouse, peptide Ac2-26 has a relatively short half- 
life <1 h (28)]; nonetheless it produced modest yet 
significant inhibition of the vascular response after focal 
stroke even when given once either at time 0 or 6 h into 
reperfusion, but only at the dose of 100 (xg/mouse dose. 
The latter data together with the more pronounced 



protection afforded by repeated dosage with peptide 
Ac2-26 clearly highlights the potential therapeutic impli- 
cations of our findings in this model of ischemic stroke. 

In the human system, peptide Ac2-26 binds to and 
activates all three receptors of the FPR family (14, 29, 
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i FPR null mice, 
ubjected to MCA I/R 
(lh) followed by 24 h reperfusion; peptide Ac2-26 was given 
three times at the dose of 100 |xg per each injection as 
detailed in Materials and Methods. The leukocyte-endothe- 
lium interaction was quantified in terms of (A) cell rolling 
and (B) number of adherent cells. C) Infarct vol was also 
determined. Data are mean ± sem of 6 mice per group. *P < 
0.05 vs. respective sham value. 
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30). The FPR family expands in the mouse, with at least 
seven receptors being identified so far (31). We have 
previously highlighted a functional role for mouse FPR 
in the tissue protection afforded by AnxAl and peptide 
Ac2-26 (12). This complex family of receptors seem to 
mediate both pro- and antiinflammatory signals, a 
finding likely to be associated with the versatility of 
GPCRs and their ability of acquiring ligand-specific 
conformations (30, 32). We hypothesized that as the 
murine counterpart of human FPRL-1 , FPR-rs2 [which 
is expressed by blood cells as well as by microglia, and 
transduces the proinflammatory and injurious actions 
of beta-amyloid protein as well as the protective actions 
of humanin (31, 33)], may be mediating the cerebro- 
protective effects of AnxAl in our MCA I/R model. 
Thus, since there are no published data for peptide 
Ac2-26 binding to receptors of the mouse FPR family, 
we used HEK cells translected with specific receptors 
(34) to demonstrate that peptide Ac2-26 binds to both 
FPR and FPR-rs2 with an approximate EC 50 of 1 pM, in 
line with what reported for human FPR and FPRL-1 
(14, 22) and rat FPRL-1 (25). Integration of these data 
with the in vivo results obtained with the FPR antago- 
nist, Boc2 and gene deficient mice, we can indicate 
FPR-rs2 as the receptor mediating the cerebro-protec- 
tive actions of peptide Ac2-26. 

It is noteworthy that AnxAl and peptide Ac2-26 
share at least one receptor with other antiinflammatory 
mediators, lipoxin A 4 and aspirin-triggered epi-lipoxin 
A 4 (14), shown to exert organ protection in several 
experimental settings (35, 36). Whereas aspirin-trig- 
gered epi-lipoxin A 4 is produced by the concerted 
action of aspirin-a< etvlated COX-2 and 12- or 5-lipoxy- 
genase (LOX), a new class of antiinflammatory lipids 
derived from other polyunsaturated fatty acids has been 
discovered by Serhan and colleagues (37): A derivative 
of docosahexaenoic acid, neuroprotectin Dl, displays 
potent inhibitory effects on retinal pigment epithelium 
injury (38). Of interest, a recent study conducted with 
neural stem cells shows that lipoxins would also activate 
mouse FPR-rs2 (39) , thus indicating that the receptor 
sharing properties between AnxAl, its peptides and these 
short-lived lipids are not restricted to FPR-rsl (12). 

Some of the data presented here, including local 
mediator generation and receptor involvement, point 
to the microglia as a second potential target for the 
effects of AnxAl. Myeloid cells, including tissue macro- 
phages and lineage related microglia cells (40), express 
high AnxAl levels. Recent work has shown how, on cell 
activation, this 37 kDa protein translocates on the cell 
surface to interact with a specific G-protein coupled 
receptor, termed FPRL-1 (14). FPRL-1, and its murine 
counterpart mFPR-rs2, are expressed on peripheral 
leukocytes (34, 41) and microglia cells (18, 31). 

Local inflammatory responses were also generally 
augmented by AnxAl deficiency. We investigated the 
effect of some kev inflammatory markers, MCP-1, KG, 
and IL-ip. MCP-1 has been involved in the trafficking 
of mononuclear cells into the brain parenchyma after 
stroke (42), whereas KC is a chemotactic agent for 



neutrophils. The proinflammatory nature of IL-1 (3 in 
several models of brain inflammation, including stroke, 
is well established (43, 1 I). It is plausible that microglia 
are at least contributory to generation of these proin- 
flammatory mediators, strongly suggesting that endog- 
enous AnxAl might play a homeostatic role in this cell 
type, along the line of the studies conducted with the 
lineage relevant cells, the peripheral and the bone 
marrow derived macrophage (45, 46). There are yet no 
data in relation to microglia activation and AnxAl gene 
deficiency, but these derivative data, coupled to the 
pharmacological effects of peptide Ac2-26 on micro- 
glia cell activation in vitro (47) and the augmented 
expression of the protein in this cell type in experimen- 
tal models of injury (48, 49), would justify future 
studies. As said previously, microglia and blood cells 
express FPR-rs2 that is likely to mediate the cerebro- 
protective effects of peptide Ac2-26. In a preliminary 
experiment, minocycline was used to silence microglia 
noting that it markedly reduced leukocyte adhesion to 
pia mater venules (F.N.E.G. and M.P., unpublished). 
Clearly further investigation is needed. 

In conclusion, the present results indicate the possibil- 
ity that, as in the periphery (8, 9), multiple endogenous 
counter-regulatoiy pathways exert a tonic inhibitory role 
of cerebral molecular and cellular responses to injury. In 
line with current views on the role played by mediators of 
the innate protective response (50) , we have shown here 
some of the properties of endogenous AnxAl and how this 
profile could be exploited by bioactive peptides and associ- 
ated receptors as possible new therapeutic targets. [fJ] 
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